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PART III

EXPERIMENTAL MEASUREMENTS

3.1. Introduction

A systematic study of the horizontal—wire antenna over a dissipative

half—space and of the special case of the modified Beverage antenna is pre-
sented . The study, which is mainly experimental in nature, is concerned

with the electrical characteristics of these antennas and how they are af-

fected by the height of the antenna and the electrical properties of the

medium over which the wire is placed. Essentially , this involves measuring

the distributions of surface current and charge on these antennas and ob-

serving the corresponding effects due to changes in the several parameters.

Theoretically, once the current distribution is known, all the electri-

cal properties of the antenna can be evaluated in a straightforward manner.

Due to the complexities of the feeding system, in most current measurements

only relative distributions are obtained. To normalize these distributions

properly, the characteristics of the feeding system must he determined. For

the conventional coaxial—line feed the normalization problem resolves itself

into determining the antenna input impedance. Since the input impedance is

necessary for an overall understanding of the current distribution , impedance

measurements were included in the study.

Another important quantity, the distribution of charge per unit length,

can be obtained from the current distribution through the use of the contin-

uity equation. The charge distribution is often used to study the near—zone H
electric field of the antenna and to obtain a better understanding of the

overall electromagnetic interaction of the wire especially near the end and
at the driving point. Since the use of the continuity equation Involves

differentiation of the current , small errors in the measured current can

cause large Inaccuracies in the calculated charge distribution. To avoid

this problem, It was decided to include measurements of the surface charge

distribution in the analysis.

In presenting the data , comparisons are made whenever possible between

the measured quantities and the associated analytic expressions developed In

Part I (Volume I). In fact , one of the major purposes of the experimental

analysis is to verify the theoretical work of King ti] and the feasibility

—1—
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of the modified Beverage antenna. The limitations on King ’s zeroth—order

theory and its ranges of applicability are discussed. For certain types of

dissipative media the expression for the theoretical wave number given by

equation (1.7) can be shown to be in error. This is due primarily to the

fact that the basic restrictions given in (l.3a) are violated for these

media. Empirical evidence shows that, although the wave numbers are in

error, the zeroth—order form for the current and charge distribution s are

still maintained.

In all cases the measurements are compared either to completely theore-

tical expressions that are based on the developments in Part I and use (1.7),

or to a semi—empirical theory which utilizes the zeroth—order forms for the

current, charge and admittance and the measured effective wave numbers. The

effective wave number is defined as the wave number observed on the unloaded

dipole antenna; corrections for end effects are neglected. If the antenna

end effect is small, the effective wave number and the wave number given by

(1.7) are identical. For significant end effects the measured wave number

will include a contribution due to the end effect. This contribution will

primarily affect the observed attenuation on the antenna. Since the end ef-

fect is actually a lumped correction occurring at the end of the antenna and

the attenuation is a distributed parameter, the use of a measured effec-

tive attenuation is clearly only an approximation . For low attenuation and

large end corrections this approximation becomes increasingly worse. This

approach was taken initially by necessity since the end effects were not

well understood and could not be eliminated. It was also believed that the

effects would be small.

A second semi—empirical theory was developed subsequently which ac-

counts for both the capacitive end effect and the radiation loss through a

complex terminal function 0 composed of a terminal attenuation function p

and a terminal phase function 
~~~~
. This approach Is described in Section 1.8

of Volume I. The experimentally determined quantities p8 and ~~~ correspond ,

respectively , to the increased magnitude and the shift in aL that are ob-
served to occur in both the measured data and the theoretical values (based

on an effective wave number) compared here in Part III. The slight varia—

tions that remain are due to junction effects which were not included in the

analysis. Comparisons between this theory and the measured data are in Figs.

1.23 through 1.33 (Volume 1).

_ __ _ _ _ _ _  -...
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3.2. Measuring Procedure

The three types of media over which the antennas were placed were fresh

water, salt water, and moist earth. They were chosen because they represent

the three most common media over which these types of antennas can be used

and exhibit a wide range of relative dielectric constants and loss tangents

at the operating frequency of 300 MHz. The electrical properties of the

three media were measured with the techniques discussed in Part II and were

remeasured periodically to ensure uniformity throughout the experiments. In

the remaining discussions the terms fresh water, salt water, and moist earth

will refer to media with the following electrical properties:

1’e at Average
Media a (nthos/m) 300 MHz Temperature °C

Fresh Water 82 .092 .067 17.5

Salt Water 81 3.9 2.885 21.5

Moist Earth 11.4 .0022 .012 % 5

The current and charge distributions on monopole antennas over each of

these media were measured for heights of d/A 0 .01, .02, .05, .1 and .25.

At each height three monopole lengths were investigated, namely, h/A0 — .5 ,
1.0, and 1.5. For the Beverage antenna the same combination of antenna

spacings and lengths was used by simply connecting the resistive load and

the quarter—wave section to the end of the monopole. Hence the overall

lengths of the Beverage antennas were s — .5A 0 + A
L’4, 

Ao + A L/4 , and l.5)
~

+ AL/4 where for most cases of interest AL ~ A0.

To ensure that the height of the antennas would remain as uniform as

possible for all cases, polyfoam floats were fabricated precisely on a mill—

ing machine and were placed under the wire for support. The book value for

the relative dielectric constant of the polyfoam was c ~ 1 04. The pres-

ence of the floats under the wire produced no noticeable effects on the

measured currents or input impedances. Since It was still possible that the

weight of the antenna could partially submerge the floats, a pulley system

was designed to balance the weight of the wire. Nylon string was looped
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around the wire at three or four positions along its length , passed through

a set of pulleys located about 6 ft. above the tank , and then passed through

another set of pulleys and counterweighted appropriately at the end. With

this arrangement It was possible to plate the wire over the floats so that

it would jus t  touch the polyfoam but would not exert any weight on i t .

The current and charge distributions were measured by moving the loop

and monopole probes along the slot cut in the antenna. Connecting the B

channel of the vector voltmeter to the probe output and the A channel to a

phase reference permits continuous monitoring of the current or charge. For
the Beverage antenna it was possible to probe current and charge only up to

the resistive load. With the placement of the solid resistor into the line
it was impossible to move the probes beyond this point to measure the cur-

rent and charge on the quarter—wave section. Altshuler [2] has shown that

for a similar situation the measured currents on the quarter—wave section

are found to be approximately sinusoidal , as wou ld be expected for a reson-
ant element. Thus, by knowing the current or charge distribution up to the

resistive load, the distributions on the quarter—wave section can be pre-

dicted quite easily. In presenting the data, the theoretical current and

charge distributions on the quarter—wave section are included to show the

behavior of this current and charge.

The only other limitations in the current and charge measurements were
mechanical in nature. Restrictions due to the construction of t~ e line made

it impossible to make measurements directly to the end of the antenna or to

the junction at the driving point. The charge probe was allowed to come

within 1.3 cm of the end of the line while the current probe could get no

closer than 1.9 cm. For measurements near the driving point the current

probe could come to within .3 cm of the junction and the charge probe could

travel to within .9 cm.

The arrangement of the measuring equipment was shown previously in Fig.

2.2(b). The block diagram for the experiment is presented in Fig. 3.1. All

equipment was connected through a 25 Watt voltage regulator which isolates

the apparatus from any spurious responses or d r i f t  in the line voltage. The

300 MHz source consisted of a Hewlett—Packard 3200 B VHF oscillato r and an
accompanying Hewlett—Packard 2308 power amplifier. The oscillator exhibited

remarkable stability after a warm—up period of one hour. Frequent checks 

-— - -~~~~- ,-~~~~~~ . .-— - - —~~~~~~~~~~~~~~~~~~~~~ .-
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were made to detect any power drift in the oscillator and the frequency

stabili ty was monito red constantly through the use of a frequency counter.

No problem with harmonic generation was encountered throughout the experi-

ment. The current and charge could be measured simultaneously at each posi-
tion by using a coaxial switch. This eliminated the more time—consuming

process of making one complete set of current measurements and then starting

again to measure the charge. At the end of each complete current and charge

measu rement the input—powe r level was rechecked by measuring the response of
the cur rent probe when placed as near to the driving poin t as possible .

This was to ensure that the power level had not changed during the course of
the measurements. If a s ign if icant  power change was recorded , the measu re-
ment was repeated.

To be as accurate as possible in making the impedance measurements , the

calibration procedure for the impedance block was performed before and after
each set of measurements. With the measuring line more than 12 ft. in

length , it was a very delicate procedure to connect the line to the ground
plane. Even with the line attached to the pulley system , slight variations

back and fo r th or up and down could generate a large amount of torque at the

flanged end of the line. Through the use of a level, the line was balanced

as accurately as possible before being inserted through the hole in the

ground plane. Clamps were then used to hold the line firmly in place and to

prevent any sway. Due to the fact that differing amounts of tension were

applied to the line while being held by the clamps, variations in the cali-

bration constants of the impedance block were noticed . This was determined

to be due to the slight movement off center of the inner conductor of the
feed lime when the outer conductor was flexed slightly. The impedance

probes were found to be very sensitive to th is movement and , thus, to alle-

viate this problem triangular rexolite spacers were inserted into the feed

line with care being taken not to include any in the section between the

driving point and the plane of the impedance probes. Accuracy was further

ensured by rechecking the calibration every time the position of the line

was moved.

Impedance meas urements were initiated with the longest antenna length

and were continued on progressively shorter lengths by withdrawing the an-

tenna into the feed line. With the placement of the polyfoam floats needed

for each complete set of impedance measurements , it was much easier to 

~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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position the floats first and draw In the antenna than it was to increase

the antenna length and periodically add more support floats. Since it was

sti l l  necessary to support the wire with nylon string, the height of the an-

tenna had to be checked each time the length of the antenna was decreased

to ensure that excessive tension from the string had not ben t the antenna

upward from its level position. Over a period of time contact problems de-

veloped due to the constant wear from sliding the antenna in and out at the

driving point. When the antenna does not make proper contact at the driving

point , meter readings become unsteady and erroneous measurements result. To

overcome this problem , a thin layer of silver conducting paint was applied
to the antenn a to provide a t ight electrical contact at the driving point .
The antenna was repainted before each set of impedance measurements to guar-
antee good contact along sections where the paint may have worn off.

3.3. Presentation of Measured Data for a Dipole An tenna Above a Dissipative

Ha lf—Space

The measurements for a dipole antenna placed above a variety of dissi-

pative media are presented In this section. The section will be divided

into three parts for the three different media treated (fresh water , salt
wate r , and moist ea r th ) .  The current and charge dat a are presented in order
of increasing d/ A

0 
spacings. For each spacing measurements are presented

for antenna lengths of l.5A 0, A 0 and All measurements are compared

either to King’s theory [1] when valid or to a semi—empirical theory based

on the measured effective wave number. Data points were measured every 2.5

cm and numbered 61, 41 and 21, respectively, for  antenna lengths of l.5A 0,
A
0 

and .5A 0. This number of data points for each length was shown to pro-

vide sufficient resolution to represent the actual current and charge dis-

tributions accurately.

The measured data were normalized to the accompanying theoretical curve

at z/h .2 or to a smooth par t of the curve in the immediate vicinity of

this point. No rmalization to the driving point at z — 0 by means of the

measured input admittance was not attempted owing to the problems involved

with the junction effects [3 1. In some cases end effects did not permit

normalization at z/h — .2. In these situations the data were normalized by

aligning the peaks of the magnitude curve. Further discussion on this and

the end—effect problem Is given in ~ection 3.5.
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The admittance data are presented in both the rectangular—plot form

with 
~L
h as the independent variable and in the circular—diagram form. For

each respective medium the admittances are presented in order of increasing

d/ A 0 spacing. All admittance measurements are made for monopole lengths

ranging from .013A 0 to l.5A 0 (1.3 cm to 150 cm) and were recorded at inter-

vals of 2.5 cm. An interval of this size was small enough to provide an ac-

curate representation of the input admittance. The admittance ~urves dis-

play the apparent input admittance uncorrected for junction effects. King

has shown (4] that when a monopole is driven by a coaxial line through a

ground plane, a negative terminal—zone capacitance with admittance 
~T

must be added to the measured apparent admittance , Y~~ , to give the actual

admittance of the isolated monopole , Y . Hence ,monopole

Y — Y  + jwC (3.1)in mon opole T

where C
T 
is determined from curves in (4] for b/a 2.3, C 133.2 pF/m to

be:

CT — .423 pF (3. 2)

Note that CT includes the effect of the rexolite spacer (c 2) at the

driving point. At the operating frequency of 300 MHz , the terminal—zone ad-
mittance ‘

~T is:

j wC.~ — —j.8l4 inillimhos (3.3)

It is apparent that the terminal—zone correction affects only the suscep—

tance and that the measured conductance values are unaltered.

Fresh—Water Measurements

The fresh—water solution used for these measurements corresponds to

solution number 2 in Section 2.5. The electrical properties were measured

to be — 82 and o .092 mhos/m at 20° C. During the course of these

measurements the temperature of the fresh water varied between 15° C and 20°

C. For the measurements taken at d/A 0 
— .01, the water temperature was ini-

tially 20° C. The water gradually cooled so that for the final measurements

at d/A 0 .25, the temperature was recorded at 15° C. Measurement of the
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electrical properties of the water at both these temperatures revealed no

noticeable change. Th is agrees with previous investigations [5) made over a

similar temperature range.

The measured current and charge d i s t r ibu t ions  are presented in Fi gs.

3.2 through 3.18. The measured data are represented by dots. Tabulation of

the normalized data and the raw data is given in Appendix B. An examination

of these curves reveals the following important results:

1) For d/A
0 

.01 and .02 (Figs. 3.2 through 3.7) the measured current

and charge are compared with the theoretical expression developed by King

[equations (1.6) and (1.18) with (1.7)]. The agreement is seen to he quite

good for all antenna lengths. For d/A 0 
— .01 the measured wave number is

within 1% of the theoretical ly predicted wave number of (1 .7 ) ;  while fo r

d/A 0 = .02 the wave numbers are within 3% with still very acceptable resul ts.

Departure from the theory is evident at the driving point and at the end of

the antenna. These variations are due to the junction effect at the driving

poin t and to the antenna end effect, neither of which can be taken into ac-

count in the zeroth—order theory of King. It is interesting to note that one

of the Initial restrictions on this theory is that ~0d << 1 [equation (1.5 ) ) .

The fact that at d/A
0 

= .02 the agreement is still good implies that this

condItIon is not as restr ict ive as originally presumed. This would agree

with the subsequent restriction on the size of h/d.

2) At d/A 0 = .05 and .1, significant differences begin to arise in the

comparison between theory and experiment.  The disagreement occurs mainly in

the attenuation constant, where the theoretical value for is found to

be significantly smaller than the measured effective value. This is observed

in Figs. 3.8 and 3.12 which compare King ’s theory to the experimental data.

The deeper theoretical nulls reflect the discrepancy in the attenuation.

For d / A () 
= .1 noticeable departure in the phase constant is also observed.

At these heights the measured data appear to be sh i f t ed  toward the end of

the  line . This is due to the end e f f e c t  of the line which makes the antenna

appear to be longer than it is. The s h i f t  is not due to any erro r In the

wave number.  A f u r the r  discussion on end e f f e c t s  wil l  be postponed u n t i l

Section 3.5. For d/A
0 

.05 and .1, errors in at 
of 20% and 50%, respec-

tively , were considered unaccep table. Wi thou t f urther con f irmation , it was

believed tha t  the large discrepancies between the theore t ica l  a t t enua t ion
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given by (1.7) and the measured a t t enua t ion  could depend on one or both of

the fo l lowing.  The possibility that a fundamental limitation exists in the

d/ A 0 quantity Is s t rong.  Specula t ion tha t  the d/A 0 
quantity is unimportant

as long as h / A
0 

is large may he plaus ib le , hut  exac t ly  how large h / A 0 must

be is not specifically 1<nown. It is quite possihle that for the cases being

studied the transmission—line—like behavior may diverge at th is height. The

second possibility is that a significan t end effect is presen t which would

cause tile effective attenuation to be h igher  than the theore t ica l  va lue .

Since the s l ight  s h i ft  in the  measured data  could he caused by the end ef -

fec t , there is strong evidence in this d i rec t ion . This problem is discussed

in Section 1.8 (Volume I) where it is determined tha t  the d iscrepancies  are

due to the end e f f e c t .  In any case , to overcome this problem a semi—empiri-

cal solution was developed which  u t i l i z e s  the zero th—order  form fo r  tile cur-

ren t and charge derived by King with the measured effective wave number ob-

tained from the experiment. The comparison between this solution and tile

measurements is given in Figs. 3.9 th rough  3.11 and 3.13 through  3.15. The

figures show that the zeroth—order form still holds and that by using the

measured e f f e c t i v e  wave number the corresponding r e su l t s  are q u i t e  good .

3) At the hi ghest spacing,  d / A 0 = .25 , the semi—empir ica l  s o l u t i o n  was

also used. The results  are presented in Figs. 3.16 th rough  3.18. It ap-

pears tha t  at this height the forms of the current  and charge hegin  to de-

par t  somewhat from the sinusoidal.  This is especially apparen t near the

driving point. It would seem tha t  at this  he ight  the  i n f l u e n c e  of t i i ~ med-

ium is diminishing and the form of the  cu r ren t  and charge is a p p r oac h i r ~g

tha t  of an isolated an tenna. A l t e r n a t i v e l y,  it is q u i t e  poss ib le  that the

end correction is s u f f i c i e n t ly  large to give this  appearance. In e i t 1 ier

case , the semi—emp irical solution still provides c~ood approximate represen-

tations for the current and charge.

In Fig. 3.19 the theoretically predicted wave numbers from (1.7) for
an antenna over fresh water are compared with the measured effective wave

numbers obtained from the previous data. Note that for the 
~L

/I;
O 

curve all
measured values are wi thin 5% of the t heo re t i ca l  curve . For ti le ~~~~ curve ,

however , the agreement is good only for the two cases of d / ) s
() = .01 and .02.

At hei gh t s  of d / A 0 .05 and grea ter , the error In .

~~~ 

exceeds 20~’, as is

easi ly  seen from the comparison in Fig .  3.19.

.4
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The measured effective wave numbers were obtained by using s t a n d a r d

transmission—line techniques. At each height the difference between charge

nulls was measu red on an antenna, l.5A0 in length , to determine the phase

constant of tile line. The measurements were made at the nulls because

they tend to he much more sharply defined than the peaks of tile curve , re-

sul t ing in be t t e r  accuracy .  The charge d i s t r ibu t ion  was measured rather

than the current since the charge probe has less of an averacing effect than

the current probe. The attenuation constant was determined by measuring tile

- position of the peaks and nulls of the current distribution as well as the

magnitude of the current at these points and then utilizing the following

relationship:

II cosh (m w + p
ISW R = max S 

L 1 S (3.4)I sinb(cz w~, + p )
mm L.. S

where the terminal attenuation function , is equal to zero for an open

circui t  wi th  no appreciable end e f f e c t  and w1, w., are the distances from the
end of the antenna to the current peak and null , respectively.

With S1, w1 and de te rmined  exper imenta l ly , aL can be solved for by

iteration . Equation (3.4) was prograruned on a Hewlett—Packard 9821A calcu-

lator to obtain the desired results for cx
L
. For significant end effects , p

is no longer zero and the solved for is not the true attenuation hut an

ef fec tive value which includes a contribution due to p . ‘~‘.‘hen p is compar-

able In magnitude to cz
L
h, the concept of an effective cz~ cannot be used. It

turns out that this is the situation that exists for d/A
0 = .25. This spe-

cial case is discussed in detail in Section 1.8 in Volume I.

The input admittance measurements for a monopole over fresh water are

shown in Figs. 3.20 through 3.24 with the corresponding circle diagrams in
Figs . 3.25 through 3.29. At d/A

0 
= .01 and .02, the measured input admit—

tance is compared with the theoretical admittance obtained by King in (1.16).

As with the current and charge distributions, the agreemen t between experi-

mental and predic ted results is good considering that the zeroth—order theory

contains no corrections for end or junction effects. In the other three
cases, d/A 0 = .05, .1, and .25, the measured data are compared w ith the
t ransmission—line form for  the admit tance given by (1.16) with the measured 

~~~~~- - -~~~~~~~~~~ ---- -
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effective wave numbers. In ti le d / A (J = .05 and d/~ () = .1 r a s i s , tile agree—

r lcnt is good fo r  a z e r ot h — o r d e r  t h e o r .- except  in t h e  region of tIlC ~i rst

resonance • At d/)
0 

= .25 ,wiiere the validit y of tie t r ai i~;i~is s i e n — 1 i n c  behav-

ior becomes q u e s t i o n a b l e , ti le ag reement  is Il ( t very good . Tiik~ sl1I i’ t~sts

that at this height the  depar tu re  f rom r u e  s imp le  7 r ( J t ~I— o r~~~r t !  ~-~~r v ‘

tile current and admittance may be s i g n i f i c a n t .  Tabtiiat ion of t H e  :-

lunittaz lce is given in A ppendix B.

Salt—water Neasut-enents

A s a l t — w a t e r  so lu t ion  wi th  ti le e l e c t r i c a l  prn 1)~~rt  ies desc r i 1  e~1 by c =

81 and o = 3. -~ miios /r i  was used fo r  th i s  set of neasurerent s. T i l s solution

corresponds to so lu t ion  number 3 in Section 2~~~~
5

~~ The e le ct r i ca l  p rope r t ie s

were i n i t i a l l y  measured at 19 ° C and then  l a t e r  rechecl.ed at 22 ° C. No no-

ticeable change in the conductivity or relative dielectric constant was ob-

served. All measurements were made with the water temperature in the range

fr om 1q° C to 22 ° C.

Tue measured current and charge distributions for t i le salt—water case

are presented  in Figs.  3.30 through 3.46 . Tables of the measured data are

given in Appendix  B. A set of conclusions s imi lar  to those for  f re sh  w a t e r

can he drawn f r o m  an examination of the data. For the two closest spacings ,

d/~ 0 = .01 and .02 , the measurements agree quite well w i t h  F~ing ’ s t h e o r y .

This is evidenced in Figs. 3.30 through 3.35. It is i n t e r e s t i n g  to observe

that at these two he igh t s  the l ine a t t e n u a t i o n  is si g n i f i c a n t ly  hic’her for

an antenna over fresh water than it is for one over salt water. Figs. 3.36

and 3.40 compare ~ing ’s theory with the experimental measurements for d/~t
0 

=
.05 and d/A

0 .1, respectively . For both of these cases , variations great-

er than 20% arise in the attenuation constant .  A comparison of the measured

data with the semi—empir ica l  solution us ing  the measured value of the ef fec -

tive wave number k
1 

is presen ted in Figs. 3.37 through 1.19 and Figs. 3.41
through 3.43. its in the fresh—water case, it is evident that t i le sinusoidal

form for the curren t and charge still holds and that the agreement is quite

good when the measured effective wave number is used. For d/X
0 = •2S ~ shown

in Figs. 3.44 through 3.46, the depar tu re fr om sinusoidal theory becomes
more evide~ t with the greatest variation appearing at the driving point.

For an approximate representation of the curren t and charge distributions ,

the semi—emp irical solution may he quite acceptable. 
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Figure 3.47 compares the theoretical wave numbers on the wire with the

measured va lues obtained from the previous data. At d/A 0 
= .01 and .02 , the

error  ~~ is within 10% but this variation becomes much lar ger f or

greater  heights as evidenced by Figs. 3.36 and 3. 40.

Rectangular  admittance plots are presented in Figs . 3.48 through 3.52;

the corresponding admit tance circle diagrams are shown in Figs . 3.51 t h rough

3.57.  Both sets are displayed in order  of inc reas ing  d / A 0. The conclusions

to he drawn from these two sets of curves are identical to those for the

fresh—water case.

Noist—Earth ~1easurements

Since these measurements were made on an outdoor ground plane , the ex-

ternal conditions could not he controlled as complete ly  as in the two pre-

vious cases. The measurements were made over a nine—day period in early

December. The air temperature during this period ranged from 35° F to 41)° }~

(~ 2° — 50 C). The earth was a rich moist loamy material which was deter-

mined to consist of 20% water by weight. The electrical properties were de-

termined to be c = 11.5 and a = .0022 nhos/m . Measurements made on earthr
samples taken three days apart gave comparable results. To prevent the

earth’s properties from changing Urast~ ca1ly over the period during which

measurements were taken , the area in front of the ground plane was covered

with a large plastic sheet w’ ich was covered , in turn , with a pile of leaves.

The sheet prevented rain from a f f e c ti - g  the electrical properties of the

ear th , while the leaves were used as insulat ion to keep the ear th  f rom fr e e z —

ing at night.

The measured results for currents and charges are given in rigs. 3.58

through 3.69. Since the theoretical values were found to he much larger

than the measured effective values at all heights , all reasurerients have

been compared with the semi—empirical solution which utilizes measured ef-

fective wave numbers. The discrepancies in a~ are ma inl y due to the fac t

that the restriction , 1k2 1 >> k
1j, imposed in 1~ing ’s theory is no longer

strictly true for moist earth with E = 11.5, al though end e f f e c ts may also
play a factor in these discrepancies. Hence, at none of the heigh t s was
there acceptable agreement between King ’s theory and the experimental re-

sults. For d/A
0 

.02, .05, and .1 , the sinusoidal na ture of the curren t

and charge is obvious and , given the measured wave number , the agreement is

- - - - - . - - - - — - ---
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quite  good . The d/ A 0 .25 measurements have characteristics similar to

those taken at the same height  over the previous two media . The cur ren t s

and charges are not strictly sinusoidal in form with the greatest departure

observed at the driving point.

Figure 3.70 shows the comparison between the measured effective wave

numbers and those predicted by King. For the smal]est height measured , d / A
0

= .02, the error in the predicted attenuation constan t is 351. It is inter-

esting to note that when comparing antennas at comparable heights above the

three d i f fe ren t media , the attenuation (radiation loss) is consistently
greatest for the wire over the moist earth.

The admittance measurements appear in Figs. 3.71 through 3.78. The

agreement for d/A
0 

.02 and .05 is seen to he quite good considering the

limitations of the zeroth—order approximation. At d/A
0 

= .1 , the agreement

is not as good as for the two water cases, especially in the second and
third resonance. As before , the zeroth—order admittance for d/)0 

.25

clearly cannot give an accurate approximation . :rhe data for the measured

adm ittances as well as for the currents and charges appear in Appendix B.

3.4. Presentation of Measured T)ata for the Modified Beverage Wave Antenna

The measurements in Section 3.3 were repeated for an antenna terminated

in a resistor and quarter—wave section to form the modified Beverage antenna.

The data are presented in an identical manner. All the measured data , both

normalized and unnormalized, are contained in Appendix B. For the current

and charge distributions data points were taken every 5 cm (.05A
0
) to obtain

accurate representations for these quantities. When the antenna is properly

matched , the current and charge distributions are smoothly varying and meas-

urements spaced every 5 cm provide good resolution. The input admittance at

each he igh t was measured for  only four antenna lengths (L
1

/A 0 = 1.5 , 1.0 , .5

and .25). With proper matching the input admittance remains practically con-

stant for increasing antenna lengths. The four admittances were measured

essentially to demonstrate the traveling—wave nature of the modified Beverage
antenna.

For all cases the best match condition was obtained basically by trial

and error. The appropriate quarter—wave section could be ascertained from

the measured wave number. Once this was determined , different resistors 

------ ----—- ---- --------———-—-—------ .--———---.- - --------—---. 
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were connected along with the quarter—wave section to the end of the line

and the VSWR on the antenna was measured wi th  the charge pro~ e. The resis-

tor that  gave the lowest VSWR was the one used. The am ount of guess work

involved in choosing the correct resistor was minimized by knowing the theo-

retical value for the characteristic impedance , Eq. (1. 8). In most cases

the resistor used was the one whose value came closest to the theoretical

prediction.

The measured data were normalized in the same manner as in Section 3.3.

All data are compared with either theoretical predictions, given by (1.54)

F and (1.56) for the current and charge, or for those cases in which the meas-

ured effective and theoretical wave numbers are in error with a semi—emp iri-

cal solution that uses the form for the current and charge distributions in

(1.54) and (1.56) and the measured effective wave number for k~. Although

no measurements were made on the quarter—wave section , the analytic form for

the curren t and charge is presented in the figures.

Fresh—Water Measurements

With the critical quantity in all these measurements being the wave

number, it is evident that the theoretical and measured effective wave num-

bers will agree over the same range of heights for the modified Beverage an-

tenna case as for the unloaded cases. Figures 3.79 through 3.84 compare the

measured results for the modified Beverage antenna at d/A 0 
= .01 and .02

with the theoretical current and charge expressions given in (1.54) and

(1.56) with (1.7) for k
L
. In all these figures the agreement is very good

and the traveling—wave distribution is apparent.

Figures 3.85 and 3.89 compare measured results for dfA 0 
= .05 and .1

with the current and charge distributions in (1.54) and (1.56) using the

theoretical wave number. The agreement in these two sets of curves is sat-

isfactory even though the theoretical is much smaller than the measured

value. To improve the agreement, the same semi—empirical approach was used

as in the monopole case. Figures 3.86 through 3.88 and 3.90 through 3.92

compare measured current and charge distributions for d/A 0 .05 and .1 with

analytic expressions in (1.54) and (1.56) with the measured effective wave

number for k1 . The agreement is seen to be ~i’iite good except for variations

at the driving point and at the resistive load which cannot be properly

taken care of by the zeroth—order expressions.

t
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The measu rements for d/A 0 
— .25 are presented in Fi gs. 3.93 through

3.95. The agreement with the semi—emp irical solution is fairly good consid-

ering the apparent departure from the t ransmission—line—like distribution at

this height.

The measured input admittance for modified Beverage antennas over fresh

water is presented in Figs. 3.96 through 3.100. Figures 3.96 and 3.97 com-

pare the measured admittance with the expression in (1.55) using the theore t-

ical wave number in (1.7) for kL. The theoretical curves in Figs. 3.98,

3.99 and 3.100 consist of (1.55) with the measured effective wave number

used for kL. The agreement is good for a zeroth—order theory in all cases

except for some noticeable departure for d/A 0 .25. The chart below lists

the load resistor used for each height and compares each with half the value

of the corresponding characteristic impedance predicted by King and calcu-

lated from the measured wave number using (1.8).

from
d/ A 0 R L used ( l / 2 ) Z  King (1/2)7. measured kL

.01 162 0 177 — j2 6  0

.02 193 17 207 — j20 0

.05 270 12 254 — jl0 12 256 — j12 0

.1 271 12 294 — js 12 298 — j 8 12

.25 290 17 348 — j2  12 354 — jll 17

Salt—Water Measurements

The conclusions to be drawn from the measurements made on antennas over

salt water , p resented in Figs. 3.101 through 3.122 , are analogous to those
for the fresh—water case. At d/X

0 
.01 and .02 the measurements agree very

wel l with the complete theoretical expressions . For the other three hei ghts

the measured effective wave number is used for kL in (1.54) and (1.56) and

compared with the experimental results. Comparisons using the complete the-

oretical expressions for d/A0 
— .05 and .1 are shown in Figs. 3.107 and

3.111. A good ma tch can be obtained at d/A 0 .25 but the overall agreement

with the semi—empirical solution is not as good as for the closer spacings.

The admittances are given in Figs. 3.118 through 3.122. Figures 3.118
and 3.119 compare the measured admittances with (1.55) using the theoretical
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N 5 .  F .n d—i t fe c t  C o r r e c t i o n

It  was po in ted  out p r e v i o u s l y  t h a t  the  an t e n n a  end e f f e c t  (
~~

] is re—

spons i b l e  fo r  both the si ,i  f t  t h a t  appears  in the  exper  mc~n r a  I rest ,  f S  when

compared  with the  t h e o r e t i c a l  c u r r e n t  and cha rge  d i s t ri bu t i o n  curves  and t h e

d isc rep anc ie s  which occur be tween  the  t h e o r e t i c a l  and m easured  . The

s h i f t  is most  noticea1-~ie a t  hei h t s  of d / X 0 
= .05 , .1 , and .25 , sugges t ing

the  range of heights at w!I 1CII  the  end e f f e c t  becomes imp o r t a nt .  This is

f u r th e r  c o n f i r m e d  when i t  is observed t h a t  i t  is w i t h i n  th i s  range t h a t  the

measured  ‘~~ d e p a r t s  si gn i f i c a n t ly  f rom t i le  t h e o r e t i c a l  va lues . Since an-

tennas of t h e  t y p e  b e i ng  d i s c u s s e d  behave l ike  t r a n s m i s s i o n  l ines , t h e  end—

e f f e c t  p henomenon associa ted  with t r ansmis s ion  l ines is also prevalent  fo r

t h i s  t n p e  of an t enna .  In t r a n s m i s s i o n — l i n e  theory an ideal  open c i rcui t

possesses an i n f i n i t e  impedance in the  plane of the  open c i r c u i t .  In prac—

t~ ea1 S lt u a t i on s , howe ver , an open conn ec t i on such as t h e cond i t ion t h at

I -.’o u l d  ex i s t  a t  the end of t i l e  a nt en n a  ‘.s’ ( M l l d  not  r ep resen t  an ideal open c i r —

- - o t t  i F s  t o  t h e  T a c t  t h a t  t i~ie c a p a c i t a n c e  per u n i t  l en t t h  nea r  t h e  end of

t O e  I ne  — - ‘e ul~ n o longer  he con st a n t .  To cor rec t  Cr t h i s , a lumped c a p a c i —

to n ,-~~- ( 0 .  is ev a lu a t c ( :  which r ep resen t s  t o e  e f f e c t  of t he  t e rru inal  ~on e  wee re

b ot h  t :~~ 
-. :lve numbe r and capac i t ance  er unit length -ecome se ct ionS of the

. l L s t , 1 I L - e ’ r n . t  t he  end of t i le  l i n e .  T i e  e f f e ct  of the  te~~~~’ia~ -- oe c a p a c i —

t a : c e  is to c;~~se a la rse  ch a r ge  -u: ld—ti p at t h e  end of t h e  a n t e n n a , a~. ca n

e eas i ly  seer:  1ror ’ t i l e  prev ious  curves , c a u s i ng  c-tb  Cc’ c -n r t - en t  and c h ar r e

:: st r i h i lt i o n s  to  ‘e v i a t e  f rom Cci r sinuso ida l  1 eI:avi or at the  end of Ce

- i t  can is - shown [6] t o - i t r o e  e f f e c t  of t h e  t e rn~ na~ ::000 is to cause

at: i c r ~~~~’,- in t he  c t e n t  ~ve 1 en :  C of the t r an s m i s s ion  I tn e  t h a t  i .e e q u i v a—

len t  t -  
~T 1

~~0 ‘- h e r ’  is the  c a p a c i t a n c e  I’er un i t  l e n r t h  fo r  t h e  i n f i n i t e ly

long i r e .  This  r icrease in e f f e c t i v e  : -n g t b  is t h e  reas on  fo r  t : e  shi~ t

e l -c c~ r v c - d  in t a - - re esur (-d l I t  -a uhen c-o r -p or ed  w i t h  t h e  t he o r e t i c a l  c u r v e s .

h e  , : c r ( F C I I — o r s t ’ r  t r an sr i s s  i o n — l i n e  t h e o r y  is unable  to accoun t  a c c l tr at e lv

f o r  t h i s  end e f f e c t  s r i - h  t , , .  cor r e s pon d i n ’ increase  in e f f e c t i v e  l e ng t h .  The -

f a c t  t h a t  a l l  H r - t i e r  :j ij ch  ar r i v e s  at the  end of the  an t en n a  cay n et  he

c o m p l e t e ly  r e f l e c t e d  t:~ ll  c au se  the d i sc repanc ie s  seen in the a t t e n u a ti o n .

This  r a d i at  ~on loss 0f ~ t n e  end of t i l e  antenna in t roduces  a r e s i s t ance  which

ci i n - - I t i l e d  w i t h  th e  e n d — c o r r e c t i o n  c a p a c i t a n c e  C
1 in the  t e r r ’i na l  ne twork

1 , -it r i e -he l s  t I t e ~~~r - d e f ’ h ’c t .

- -~~~ - -~~~~~ -- - -
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To correct for the shi f t  due to t u e  end e f f e c t , i t  is poss ible  to eval-

uate the apparent increase in length caused by the open—circuited end and to

add t i l ls  increase to the actual antenna length. I s i ng  th i s  new length in

either the complete theoretical formulation , rqs.  ( 1 . 6 ) , (1 .18) , (1 .54 ) and

( 1 . 5 6) , or in the semi—emp irical approach wh ich u t i l i z e s  the above e q u a t i o n s

with measured wave numbers , will correct for  the devia t ion  t h a t  occurs he—

tween the measu red da ta and bo th an aly t ic so lu t ions . This increase in l e n g t h

can be obtained experimentally from the curves in Sections 3.3 and 3. 4.

Since the end effect should not be dependen t on t h e  an tenna  lengt h , tile h / A 1)
1 curve was used for all heights ove r all three media to determine this

increase. This was done by measur ing  t i le  d i f f e r e n ce  between the  n u l l  of the

data  and the nul l of the  theory being compared .  The f o l l o w i ng  increases

were meas ured:

d / A 0 Fresh Water  Salt  Water  - Moist  F a r t h  I

- .0]. 0 0 0

- .02 0 1. 6 c m  - 0

.05 2cm 2cm - 2 c m

- 
.1. 2.4 cm 2 cm 2 .4 cm

.25 3.2 cm 2 . 8 cm - 3.2 cm

For the  lowest h e i g h t s , where the attenuation is highest , no n o t i c e ab l e  Hi —

crease in length was observed f r o m  the  curves.  As the hei ght of the  w i r e  is

increased , there  is a corresponding increase  in t h e  apparen t  l ength  of t i le

wi re  rang ing up to approxim ate ly  3 cm. Th~.s additional length can he in-

cluded to obtain a first—order correction for th e end effect.

Tue complex reflection coefficient at the end of a dipole antenna

placed above a d i ssi p at i v e  h a l f — s p a c e  is an i n t r i c a t e  t heo re t i ca l  p ro l- l er -

w h i c h  haS V O t  t o  be solved.  From t h i s  n l l a t - i t i t v  t h e  0 arid values  uhi chi- - S
desc r i i . e  tile en - h effect can he obtained . The r value is associated ri H

S

t h e  r a d i a t i o n  loss f rom the  end of the  a n t e n n a .

A more cc’r-i r - l e t e  t h e o r”  f o r  t h e  c u r r e n t  and charge  d i s t r i b u t i o n s is pre-

sen ted  in Sec t i  ot: 1. X o f  V olume I . It  i n c l u d e s  c o n t r i b u t ion s  du e  to  erip i r i —

c - a l  l v  d e t e r r i L t a - - end  e f f e c t s  and uses t i le  t h e o r e t i ca l  1:
~ 

de te rmined  b P i n g .  

_ _ _ _ _
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3.6. Broadban d C h a r a c t e r i s t i c s  of the tiodifie d Beverage Antenna

One of the more des i rable  proper t ies  of t he  conven t iona l  Beverage an-

tenna is its proposed f r e q u e n cy— i n d e p e n d e n t  c h a r a c t e r i s t i c s .  A ca r e f u l

s tudy , however , shows tha t  there has neve r been a d e f i n i t i v e  i n v e s t i g a t i o n

into the f requency  response of the convent iona l  Beverace a n t e n n a .  I t  has

been assume d t h a t  when the antenna is in the  t r a v e l i n g — i - ave node , i t s  Fre—

qu en cv—independent  na ture  is evident .  I t  was Shown p rev ious ly  t ha t  t i l e

cha rac te r i s t i c  impedance of the wi r e  is dependent  on ti le d / A () va lue  w h i c h

* 
depends in turn on the opera t ing  f r equency .  Changes in the  f requency  may

cause vary ing degrees of mismatch .  The orig inal Beverage an tenna  work also

le f t  unanswered what  the f requency  response would be of t i le counte rpo ise

sy s tem and the ver t ical  elements  at the end of tile an tenna.

For the  modi f i ed  Beverage antenna  the  necess i ty  of the  q u a r t e r — w a v e

te rmina t ing  section appears to l imit ser iously i t s  a n t i c i p a t e d  b roadb and  be-

havior .  I t  can be shown , however , t ha t  desp i t e  the use of t h e  q u a r t e r — w a v e

section a broadband response can he obtained over a wide range of p a r a m e t e r s .

Al tshuler  [~~~~) 
has shown tha t  for  a s imi la r  type of t r ave l ing—wave  an tenna  it- .

f ree  space , excellen t frequency response can be obtained over a 2—to—i range

with additional adequate coverage occurring over a 3—to—i range. Consider-

ing the sinila ritv in configuration , frequency responses at least as good

can be anticCated for tllC modi fied Beverage antenna. The presence of sip—

ci ficant attenuation one to i n t e r act i on  n,- i t i i  the  h a l f — s p a c e  w i l l  r -aic H e

Beverage an tenna  less suscep tab le  at the  d r iv ing  poin t  to changes at  t he  end

of the  an t enna .

Two sets of measurements were. made to d e t e r m i n e  the  broadband p r o p e r —

t i e s  o~ the mod i f i ed  Beverage an tenna .  The series of curves p resen ted  in

t h e  p r ev ious  sections (Fi gs. 3.96 — 3. 100 , 3.118 — 3 . 1 2 2 , and ~.l35 — 3 . 138)

sh ow t h a t  t i le  ca tc h - i  fo r  a p a r t i cu l a r  f reouen cv is q u i t e  good over al l  rai:o -,’s

F - i f  t i l e  lenrth 2 . A secon d set of measurements  was tak en  in which the

l e n g t h  was , i~pt  c - in s t a n t uh i  Ic the  lent-tb  Q~, o f the qua r t e r—wave  sec t  io n

was va r r e~h .  The f r F - r ucncv was kept c o n s t a n t  at 300 u 1l~~ The in p u t  ad ni  t—

tance for  t 1 u t ~ , s i tu a t i o n  is p resen ted  as a f u n c t i o n  of t u e  length of the

t e r m i n a t i n g  section in Fi g. 1.139. The inpu t  a d m i t t a n c e  remains  f a i r ly  con-

st an t  ove r at leas t  a 3 — t o — i range , c o n f i r m i ng  the broadband na tu r e  of t i l l s

a n t e n n a .  W i t h  the expanded or d i n a t e  scale in Fig .  3.139 i t  can be seen t h a t  
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the maximum variation in conductance or susceptance is approximately 1.5

millinthos.

3.7. Conclusions

The data presented in Figs. 3.2 through 3.138 lead to numerous conclu—

alone concern ing the properties of both dipole antennas in the presence of a

dissipative medium and Beverage wave antennas . The conclusion s derived from
this experimental analysis are as follows: 

-

Dense Media k2 1 >> 1k 11
This case applies to the measurements made over both fresh and salt

water at 300 MHz with C r ~ 81. The dense—medium condition , Eq. (l .3b) , was
one of the restrictions originally imposed in the development of the expres-
sion for the wave number on a horizontal wire above a dissipat ive half—space .

For horizontal wires includin g Beverage antennas placed above this typ e of
medium , the following can be concluded :

1) For d/ A 0 < .02, the theoretical deve lopment of King , described in
Section 1,2 of Volume I , correctly represents the current and charge distri-
butions and provides a good zer oth—orde r approximation for the input admi t-
tance on a center—driven dipole antenna. The extension of this theory to
loaded antennas , given in Section 1.6 , which includes the special case of
the Beverage wave antenna , also gives correct results for the current ,
charge and input admittance. The agreement 1.n this range of heights is
mainly a result of the fact that the theoretical wave number given by (1.7)

agrees quite favorably with the experimentally determined wave numbers.

2) In the range .02 < d/X0 < .1, the comparisons between the measured

effective and the theoretically predicted wave numbers begin to show the
existence of siQnifican t deviations . For these heights , variations of 20t’

or greater beg in to occur , especially for the attenuation constan t of the

antenna . This departure may he due to one of the followin g factors. Tn~ —

tlall” it was thought that the transmission—line behavior may no longer be

valid for d/A
0 

> .02. This would probably be due to a significan t amount of

radiation being neglected by the assumption that tilO rad ia tion into the air

is quite small in c omparison with m e  radiation into the half- space. The

second pos alsility , and the more probable one, is that a more re fined theory

iS ne~~c-: which accounts for the nonideal end effec t of the  an tenna .  Thi

s~
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would assume that the theoretical k
L 

is the correct one and that the dis-

crepancies observed in the wave numbers were due to the absence of an

end—correc tion factor. End effects are dealt with in more detail in Section

1.8 of Volume I. Desp ite these facts, the measurements have shown tha t  the

expressions for the current , charge and admittance [Eqs. (1.6), (1.16),

(1.18), (1.54), (1.55), and (1.56)1 still hold if the effective wave number

is used. Us ing these equation s with the measured effect ive wave n umber sub—
stitu ted for k

L 
gives good agreemen t with the measured data . The only no-

ticeable departure fror- th is  occurs in the admit tance where agreement at the

f i r s t  resonance is somewhat in error .  Since the theory consists  of °nly a

zero th—order expression , hi gher—order correc tion terms due to junction and

end effec ts would be necessary to improve the agreement. Hence , over this
range of heights the approximate solutIon which utilizes the zeroth—order

expressions for the current , charge and admi tt ance along wi th the measu red
effective wave number gives good resul ts .

3) At d/A
0 

.25 measuremen ts show a perceptible departure from the

zeroth—order form for all three quantities along with s ign i f ican t  deviations

in the wave number. It is important to note that  in the range .1 < d / A 0
< .25, no measurements were taken and , therefore , it ha s no t been de termined

exactly where in this range the curren t , charge and admi ttance change from a

basically transmission—line fo rm to one more character is t ic  of an antenna in

free space. I t  has been shown tha t  at d / A 0 .25 the transmission—line form

with the measured wave number g ives adeq uate agreement for the current  and

charge dist ribu tions , alt lioug ’ it is evident that the measurements are not

exactly sinusoidal. It may still he possible that with a large enough end

correc tion one may obtain an adequate aporoximat ion at this hei gh t. Larger

discrepancies appear , h owever , for the input admittance which is qu i t e  sen-

si tive to the exact form of the current distributio n . For the Beverage an-

tenna the comparisons at this height tend to p -ovide much better results .

Hence , for antennas placed above dense media for which the condition
>> k1~ holds , comple te theoretical formulation s are available for

d/ A 0 
< .02. For heigh ts rangin g from d/A 0 > .02 up to at least d/A

0 
.1

and probably higher , the t ransmission—line characteristics of the wire are

still predominant , ye t use of measured effective wave numbers for k
1 

is ne-

cessary. If moderate errors can be tolerated , the transmission—line form

can be used for the current and charge distributions up to d/X 0 .25 .
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Discrepancies in the admittance preclude using a simple zeroth—order theory

which does not include an end—correction term.

Mo derately Dense Media jk 2 I > 1k 11
This case refers to the measurements that were made over moist earth at

300 MI-hz where the relative dielectric constant was measured to be C r 11.4

and the conductivity was quite small. This is an interesting case since
earth is a more common environment for antennas of this type. These measure-

ments also give an indication as to how restrictive condition (l.3b) actually

is. The measurements show that for horizontal—wire antennas as well as

Beverage antennas placed above moist earth , the following can be concluded :

1) For the closest spacing measured , d/X0 — .02 , a large discrepancy

was observed between the theoretical wave number g iven by (1 .7)  and the meas-

ured one . A significant error was observed in the attenuation constant in
that the predicted 0

!. 
value was 50% greater than the measured effective

value. Despite this fact , the transmission—line—like behavior for the cur-

rent , charge and input admittance is clearly evident and the comparison with
the semi—empirical solutions bears this out. Since measurements made at

this height agreed quite well with theory for the dense media case, tk2~ 
>>

it would appear that condition (l.3b) must be strictly adhered to for

King ’s theory to be valid.

2) Over the range .02 < d/ X 0 < .1, the zeroth—order transmission—line

fo rm is applicable and agreement with the semi—emp irical solution is quite
good. The error involved in the theoretical wave number remains quite large

at t hese hei ghts . Note t hat the range over whi ch the transmission—line typ e

behavior predominates most likely extends beyond d/A 0 — .1. Since devia-

tions from this behavior occur at the next height measured , d/X0 
.29, it

is safe to assume that the semi—empirical solution will be applicable over

part of the range .1 < d/A 0 < .29. This is expecially true for the current

and charge distributions and less so for the input admittance. Formulas

which would correctly predict the wave numbers for heights up to d /A 0 .29
have not been developed. Note that in this range part of the reason for the

discrepancies in the wave numbers may be due to end effects. But , since the

error for d / A 0 — .02 is so large, it is more than likely that the main cause

Is the violation of condition (l.3b).

—~~ --- —
~~~~~~~~~ 
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3) As for the case when 1k 2 1 >> 1k11, the currents, charges and admit—

tances begin to depart from the transmission—line behavior at dfA 0 — .29 and

take on antenna—type characteristics . Current and charge distributions can
still be reasonably approximated by semi—empirical procedures but not the

admittance which exhibits large errors when using this approximate technique .

Therefore , for antennas above moderately dense media for which 1k 2 1 >

I k11 , a completely theoretical formulation does not exist for any range of

heights. A transmission—line form, however , can clearly be used with the
measured effective wave number to repre8ent the antenna properties accurate—

ly for heights at least as great as d/A 0 
— .1 and up to dfA 0 — .29 if large

errors can be tolerated.

It is interesting to note that , although k2 1 > k1~ 
for moist earth at

300 MHz, at much lower frequencies where — 0/uc becomes increasingly

larger and the earth acts more like a conductor , the condition 1k 2 1 >> Ik~I
can be obtained for moist earth. Under these conditions , one can expect
that King ’s theory will hold in a manner analogous to the water cases. At
these lower frequencies , water will also begin to act like a good conductor ,
which further reinforces the condition that 1k2 1 >> 1k 11 and results in a

set of conclusions similar to the case of 300 MHz.

- ~-——--— —~- -~~~-~~~~--——-— —--~~- ——— - -
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APPENDIX A
COMPUTER PROGRAM FOR EVALUATION OF THE COMPLEX WAVE NUMBER

ON A WIRE ABOVE A DISSIPATIVE HALF—SPACE

The program in this appendix evaluates equation (1.7) which gives the

complex wave number on a wire over a dissipative half—space. In the main

program the operating frequency , wire spacing, radius of the wire, dielec—

tric constant of the half—space , and conductivity of the half—space are read

in on data cards. The following function subroutines and subroutines are
used :

FUNCTION XK4 — Evaluates the complex wave number of the dis-

sipative half—space.

FUNCTION DCAMI1A — Evaluates the Gamma Function of the given

argument.

SUBROUTINE BSLSML — Evaluates Bessel Functions and of com-

plex arguments.

SUBROUTINE BESH — Evaluates the Hankel Function with complex

argument.

— ~~~~~~~~~~ — -—--~~~~~~~~~ - - - - -~~~~~~~~~~~~~ -- - -~~~~~~ 
~~~~~~~~~~ ---~~~~~~~~~~~~~~~ -~~~ - ~ —-- -~~~~~~
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APP ENDIX B

TABLES OF MEASURE D CURRFNTS , CHARCES AND ADMITTANCF,S ON UNLOADED MONOPOL E S

OVER A DISSIPATIVE HALF—SPACE AND ON MODIFIED BFVF,RACE ANTENNAS

This appendix contains all the measured data described in Part III.

Table 3.2 lists the measured data for the current and charge distributions

on unloaded monopoles. The following terms are defined :

I
{
Q
}RMAG Raw data for curren t and charge magnitudes.

{~~)RFAZ Raw data for current and charge phases.

{~~}NMAC = Normalized magnitudes for current and charge.

(~~)NFAZ = Normalized phases for current and charge.

{~~}NRE AL = Normalized real part of current and charge.

{~~}NIMAC Normalized Imaginary part of current and charge.

The remaining tables list the following data:

Table 3.3. Measured input admittances and impedances of a monopole over

dissipat ive media.

Table 3.4. Measured current and charge distributions on modified Beverage

antennas.

Table 3.5. Measured input admittances and impedances of the modified

Beverage antenna.
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